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We study optical cycling in the polar free radical calcium monohydroxide (CaOH) and establish an experi-
mental path towards scattering >104 photons. We report vibrational branching ratio measurements with accuracy
at the ∼5× 10−4 level and observe weak symmetry-forbidden decays to bending modes with non-zero vibra-
tional angular momentum. Quantitative theory is developed to explain these observations and predict additional
decay pathways. Additionally, we perform high-resolution spectroscopy of the X˜2Σ+(1200) and X˜2Σ+(1220)
hybrid vibrational states of CaOH. These advances establish a path towards radiative slowing, 3D magneto-
optical trapping, and sub-Doppler cooling of CaOH.
I. INTRODUCTION
Laser cooling, one of the cornerstones of atomic, molecu-
lar and optical physics [1, 2], has enabled wide-ranging sci-
entific applications including ultra-precise clocks [3], quan-
tum simulation of many body systems [4], and novel quan-
tum computation platforms [5–7]. Extension of laser cool-
ing techniques to polyatomic molecules is at the forefront of
efforts to produce ultracold samples of polyatomic species.
Ultracold polyatomic molecules have been proposed for a
wide range of multidisciplinary applications, including quan-
tum simulation [8, 9] and computation [10], quantum chem-
istry and collisions [11, 12], and tests of fundamental physics,
including searches for the electron electric dipole moment
(eEDM) [13], ultralight dark matter [14], and fundamental
parity violation [15].
In the past several years, enormous strides have been made
in direct laser cooling of polyatomic molecules, with molec-
ular beams of SrOH [16, 17], YbOH [18], CaOH [19], and
CaOCH3 [20] all cooled near or below 1 mK in one trans-
verse dimension. The ability to rapidly scatter a large number
of photons is at the heart of these cooling techniques, which
require an estimated 104 scattered photons for successful con-
finement in a magneto-optical trap (MOT). Thus far, experi-
mental efforts have successfully enabled scattering up to∼103
photons in polyatomic molecules [18, 19].
To establish a path to a MOT, vibrational branching ratios
(VBRs) need to be determined with accuracy at, or exceed-
ing, the 10−4 level. Measurements of VBRs have previously
been performed in polyatomic molecules using dispersed laser
fluorescence [21–23]. However, previously reported measure-
ments of CaOH using this technique [21] do not provide suffi-
cient sensitivity to identify the loss channels needed to scatter
104 photons.
In this work, we describe a measurement of VBRs in CaOH
by detecting accumulated population in excited vibrational
levels after hundreds of photons are scattered. Photon cy-
cling enhances the measurement sensitivity, probing VBRs
at the 10−4 level. Several weak, symmetry-forbidden decays
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are observed. We describe and benchmark calculations of
VBRs that include vibronic perturbations not considered in
previous work. Using these calculations, we propose a pho-
ton cycling scheme capable of scattering an average of >104
photons per molecule. Finally, we perform high-resolution
spectroscopy of the X˜ 2Σ+(1200) and X˜ 2Σ+(1220) hybrid vi-
brational modes. It is expected that repumping one or both
of these states will be necessary to enable radiative slowing,
trapping, and sub-Doppler cooling of CaOH.
II. VIBRATIONAL BRANCHING OVERVIEW AND
MEASUREMENTS
In order to create a sustained cycling transition in CaOH,
it is necessary to close loss channels due to both vibration
and rotation. The relative probability of spontaneous decay to
different vibrational states is described by vibrational branch-
ing ratios (VBRs). These are closely related to the Franck-
Condon factors (FCFs) of the molecule, defined by the over-
lap integral between vibrational wavefunctions in the ground
and excited states (see section III). CaOH is an example of a
broad class of polyatomic molecules that have been identified
as amenable to laser cooling due to strong electronic transi-
tions and near-diagonal FCFs [21, 24, 25].
The main laser cooling transition in CaOH is the
X˜
2
Σ+ (000)→ A˜2Π1/2 (000) transition. Vibrational states are
labeled with the quantum numbers
(
v1,v2l ,v3
)
, where v1, v2,
and v3 are the number of quanta in the symmetric (predom-
inantly Ca–O) stretching, bending, and antisymmetric (pre-
dominantly O–H) stretching modes, respectively. l labels the
nuclear orbital angular momentum in the bending mode [26].
The highly diagonal FCFs of the A˜
2
Π1/2 (000) state suppress
spontaneous decay to excited vibrational states during each
scattering event; nonetheless, some excited vibrational states
must be repumped due to significant optical pumping after
many photons are scattered. In this work, we experimentally
characterize the photon cycling scheme depicted in Fig. 1 and
show that it is capable of scattering >2000 photons. Note that
multiple excited electronic states are used to cycle photons,
which must be taken into account when comparing measured
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Figure 1. Photon cycling scheme and vibrational structure of CaOH
considered experimentally in this work. All known vibrational states
populated by decay above the 2×10−4 level are shown.
and calculated VBRs as discussed in section III.
For states with l = 0, rotational losses are prevented by
driving the P1 (N′′ = 1) and PQ12 (N′′ = 1) transitions [27].
In the ground electronic state of CaOH (X˜ 2Σ+), the N′′ = 1
manifold is split by the spin-rotation interaction into J′′ = 1/2
and J′′ = 3/2 components separated by 52 MHz. Both com-
ponents are addressed by using an acousto-optic modulator
(AOM) to add a frequency-shifted sideband to the laser light.
All hyperfine splittings are below the natural linewidth of the
optical transition (Fig. 2(a)). For states with l 6= 0, parity dou-
bling additionally enables decay to N′′ = 2, which must also
be addressed to achieve full rotational closure (Fig. 2(b,c)).
CaOH molecules are produced using a cryogenic buffer
gas source described in previous work [19] and depicted in
Fig. 3. Densities of ∼ 1010 cm−3 in a single rotational
state (N′′ = 1) are routinely achieved. CaOH molecules are
extracted from a two-stage buffer gas cell and form a cryo-
genic buffer-gas beam (CBGB) [29]. The CBGB is collimated
by a 3×3 mm aperture to facilitate deflection measurements
and ensure that all molecules are addressed with the applied
laser light. After exiting the aperture, the collimated molec-
ular beam enters an interaction region containing photon cy-
cling lasers addressing the X˜
2
Σ+ (000)→ A˜2Π1/2 (000) and
X˜
2
Σ+ (100)→ B˜2Σ+ (000) transitions.
We use a combination of two types of measurement to de-
termine the VBRs of CaOH. First, we determine the com-
bined VBR to the X˜
2
Σ+ (000) and X˜
2
Σ+ (100) vibrational
states by deflecting the molecular beam using radiation pres-
sure force from the photon cycling lasers. The measured de-
flection is used to determine the number of photons scattered
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Figure 2. Allowed rotational transitions for X˜2Σ+→ A˜2Π1/2 CaOH
laser cooling. (a) All non-degenerate ground states of 2Σ+ symmetry
(e.g., (000), (100), (0200)) have only two allowed rotational com-
ponents split by ∼50 MHz. Hyperfine splittings of 1.5 MHz and
7 kHz in the J′′ = 32 and J
′′ = 12 states, respectively [28], are not
shown. (b) Because of parity doubling in states of 2Π symmetry
(e.g., (0110), (1110)), additional decay is allowed to the N′′ = 2 ro-
tational level. This must be repumped using an additional laser fre-
quency ∼40 GHz away from the N′′ = 1 transition. (c) States with
2∆ symmetry (e.g., (0220), (1220)) have no N′′ = 1 component, so
only the OP12 line must be addressed. Hönl-London factors for each
transition are shown in parentheses.
from the deflection light. A simultaneous measurement of
the molecular population depleted out of the X˜
2
Σ+ (000) and
X˜
2
Σ+ (100) states during deflection allows us to extract the
combined VBR, as described below. Secondly, we determine
VBRs to other excited vibrational states by optically pump-
ing molecules into these states using the same photon cycling
scheme, then measuring the population increase in each state.
The measurement of the accumulated population, combined
with measurements of the total population lost to unaddressed
levels, can be used to reconstruct the vibrational branching
ratios of this laser cooling scheme.
A. Vibrational Branching Ratios to X˜(000) and (100)
In the first set of measurements, the combined
X˜
2
Σ+ (000)→ A˜2Π1/2 (000) and X˜2Σ+ (100)→ B˜2Σ+ (000)
deflection lasers make a variable number of passes through
the interaction region propagating in the same direction.
The momentum imparted by the lasers is mapped onto a
spatial deflection of the molecular beam as the molecules
freely propagate to the detection region. During this prop-
agation the X˜
2
Σ+ (100) → B˜2Σ+ (000) repumping laser is
applied to recover population and ensure consistent detection
efficiency. In the detection region, molecules are excited
with lasers addressing the X˜
2
Σ+ (000) → B˜2Σ+ (000) and
X˜
2
Σ+ (100) → B˜2Σ+ (000) transitions, and the resulting
laser-induced fluorescence is imaged onto an electron mul-
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Figure 3. Experimental configuration for deflection with X˜
2Σ+ (000)→ A˜2Π1/2 (000) and X˜
2Σ+ (100)→ B˜2Σ+ (000) transitions. The same
experimental configuration, with two modifications, is employed to measure VBRs to higher vibrational states. In this case, the laser light in
the interaction region is retroreflected, and repumping lasers addressing higher vibrational levels are added in the clean-up region.
tiplying charged coupled device (EMCCD) camera. The
collection efficiency of the imaging system is measured
to be constant over the region occupied by the molecules.
The images are integrated along the direction of molecule
propagation to extract spatial beam profiles, which are then
fit to a Gaussian distribution. We parameterize the deflection
using the center of the Gaussian fit. All data is collected with
the lasers tuned to resonance.
The population remaining in detectable vibrational states
after deflection can be modeled with a Bernoulli sequence as
follows [27]:
Pf = Pi pn (1)
where n is the number of photons scattered, Pi is the initial
molecular population, Pf is the final molecular population,
and p is the total VBR back to detectable states. Note that
an individual molecule scatters an average of 1/(1− p) pho-
tons before decaying to a dark state. To convert the magnitude
of deflection into a number of scattered photons, we perform
a calibration measurement by deflecting with only the main
X˜
2
Σ+ (000)→ A˜2Π1/2 (000) cycling transition. The average
number of photons scattered on this transition is well known
from previous measurements [21] and is scaled here to ac-
count for additional decay pathways1. Using Eq. 1, we deter-
mine that an average of n¯= 21.7±1 photons are scattered per
molecule when only the X˜(000) state is addressed. Measur-
ing the deflection of the molecular beam in this case therefore
1 In Ref. [21] the VBRs to X˜(000) and X˜(100) sum to 1; however, this is
unphysical given the known decay to higher vibrational states. To account
for this, we scale the VBRs in Ref. [21] to the present results to determine
the A˜(000)→ X˜(000),(100) VBRs (e.g., 0.957×0.9968 = 0.9539(21))
provides a conversion between molecular beam deflection and
photon number n, which is used to determine n in subsequent
measurements. We simultaneously measure the ratio of initial
population to final population and extract the VBR from the
following relation:
log
(
Pf
Pi
)
= n log(p) (2)
Fig. 4 combines measurements where the number of pho-
tons scattered is varied by changing the deflection laser inter-
action length. From a fit to Eq. 2, the combined VBR to both
the X˜(000) and X˜(100) states in this laser cooling scheme is
found to be 0.9968(5).
An important systematic error in this measurement is a
small Doppler shift introduced by the velocity imparted dur-
ing deflection. The resulting detuning decreases the scatter-
ing rate for highly deflected molecules, reducing the appar-
ent population in the detection region. We compensate for
this effect by multiplying the observed signal by a normal-
ization factor accounting for the difference between the effec-
tive Doppler-shifted scattering rate and the resonant scattering
rate. The scattering rate is given by [30, 31]
Rsc =
Γeff
2
seff
(1+ seff+4∆2/Γ2)
(3)
where ∆ is the detuning of light addressing the main cycling
transition, seff is the effective saturation parameter, Γeff is the
effective scattering rate, and Γ is the natural linewidth. Power
broadening reduces this effect.
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Figure 4. Log(Pf /Pi) vs. number of photons scattered in deflection.
The error on the x-axis is dominated by the uncertainty in n¯ deter-
mined for the calibration measurement, i.e., the uncertainty in the
VBR from A˜(000)→ X˜(000). The solid line indicates the results of
a linear fit, and the dashed lines indicate the uncertainty in the fit.
The results indicate that the combined VBR to both the X˜(000) and
X˜(100) states in this laser cooling scheme is 0.9968(5).
Decay Harmonic Correcteda Observed
(000) 0.957 0.956 0.9539(21)
(100) 0.042 0.038 0.0429(20)
(200) 0.6×10−3 0.4×10−3 0.9(2)×10−3
(0200) 1.6×10−4 4.8×10−3 1.3(2)×10−3
(0220) 0 1.9×10−4 3.1(5)×10−4
(0110),N′′ = 1 0 3.0×10−4 2.4(4)×10−4
Other 1.0×10−4 2.3×10−4 4.5(7)×10−4
a Corrections due to Renner-Teller and Fermi resonance couplings, as
described in the text.
Table I. Comparison of calculated and observed vibrational
branching ratios (VBRs) from the combined X˜2Σ+(000) →
A˜2Π1/2(000)+ X˜2Σ+(100)→ B˜ 2Σ+(000) photon cycling scheme
used in this work. VBR calculations based on unperturbed har-
monic wavefunction overlap fail to adequately capture decay to the
X˜2Σ+(0200), (0220), and (0110) bending modes. These discrep-
ancies are resolved by including Fermi resonance and Renner-Teller
interactions. All listed decays are to the X˜2Σ+
(
v1vl2v3
)
states.
B. Vibrational Branching Ratios to X˜(200), (0200), (0220), and
(0110)
In order to measure the VBRs to higher-lying vibrational
states, we deplete population from the X˜(000) and X˜(100)
states and directly measure the accumulation of molecules in
excited vibrational states. In the interaction region, photon cy-
cling lasers addressing the X˜
2
Σ+ (000)→ A˜2Π1/2 (000) and
X˜
2
Σ+ (100)→ B˜2Σ+ (000) transitions are retroreflected be-
tween two mirrors for a total of ∼ 12 cm of interaction dis-
tance. This interaction length is sufficient to optically pump
∼ 90% of the population to higher vibrational states. We se-
lectively recover population the states of interest by applying
appropriate repumping lasers in the clean-up region.
The total loss probability must sum to 1 and the measured
VBR to X˜(000) and X˜(100) accounts for 0.9968(5) of this
total. The remaining decay probability to higher vibrational
levels is assigned according to the fraction of population re-
covered from each state following the depletion and revival
process. During these measurements we monitor both the to-
tal depletion from X˜(000) and X˜(100) as well as the natural
population in the excited vibrational states of interest, both
of which are accounted for in post-analysis. The results are
summarized in Table I. The measured VBRs are in agreement
with previous results [21]. While addressing the five decay
pathways listed in Table I, some of the population is not re-
covered. We attribute this loss to yet higher-lying states and
assign a corresponding VBR to all vibrational states not ad-
dressed in the laser cooling scheme in Fig. 1.
III. CALCULATED BRANCHING RATIOS
The strength of generic, dipole-allowed rovibronic decays
is governed by the Einstein A coefficient [32]
AJ′→J′′ =
16pi3ν3SJ′J′′
3ε0hc3(2J′+1)
, (4)
where SJ′J′′ = ∑M′M′′ |〈J′M′|µ|J′′M′′〉|2 is the line strength of
the electric dipole transition and ν is the transition frequency.
This may be approximately separated into vibrational, elec-
tronic, and rotational contributions as follows:
SJ′J′′ ≈ qv′−v′′ |Re|2S∆JJ′′ , (5)
where |Re|2 is the electronic transition dipole moment; S∆JJ′′
is the Hönl-London factor, which characterizes the rotational
line strength (see Ref. [33] and Fig. 2); and
qv′−v′′ = | 〈v′′|v′〉 |2 (6)
is the Franck-Condon factor (FCF). Because |Re|2 is approx-
imately constant for all transitions in an electronic band and
the Hönl-London factors are known, only the FCFs must be
determined in order to calculate relative line strengths, and
therefore vibrational branching ratios (VBRs). Explicitly, the
branching ratio from an excited state |v′;J′〉 to a ground state
|v′′;J′′〉 is
P|v′;J′〉→|v′′;J′′〉 ≡
ν3qv′−v′′S
(J′−J′′)
J′′
N
, (7)
where
N =∑
i
ν3i qv′−v′′i S
(J′−J′′i )
J′′i
(8)
is a normalization factor. The sum is over all ground states
|v′′i ;J′′i 〉 to which the initial state may decay.
In section III A below, we determine FCFs for CaOH by
evaluating Eq. 6 in the harmonic approximation. In sections
III B and III C we consider vibronic mixing due to Renner-
Teller perturbations and Fermi resonance that significantly al-
ters the results obtained from Eqs. 4-6 alone. In section III D
we combine these effects to estimate VBRs for CaOH.
5A. FCF Calculations in the Harmonic Approximation
Within the harmonic approximation, Eq. 6 may be evalu-
ated analytically using empirically measured force constants,
bond lengths, and vibrational frequencies for CaOH. We eval-
uate these integrals by first performing a classical Wilson GF-
matrix analysis of the normal modes [34], then evaluating the
overlap integrals (including Duschinsky rotations) using the
formalism of Sharp and Rosenstock [35, 36]. Details on this
calculation are given in Appendix A. The resulting VBRs, ac-
counting for the frequency and Hönl-London scaling factors
(Eq. 7), are shown in the first column of Table I. While this
calculation does a good job of reproducing observed decays
to the Ca–O stretching modes, it underestimates the observed
(0200) bending mode decay by an order of magnitude and
also fails to explain ∆l 6= 0 transition strength. A more accu-
rate description of these discrepancies requires consideration
of additional perturbations.
B. Renner-Teller Perturbation
Vibrational branching to the X˜
(
0110
)
and X˜
(
0220
)
states
is suppressed due to the nominal selection rule ∆` = 0 due
to the Born-Oppenheimer (BO) approximation. However,
BO approximation breakdown at the level of a few parts per
thousand is not unexpected. Transitions with |∆`| = 1 have
been previously observed in SrOH [37], BaOH [38], and
CaOH [39]. In this work, we consider two decays in which
|∆`| 6= 0: A˜2Π1/2 (000)→ X˜2Σ+
(
0110
)
and A˜
2
Π1/2 (000)→
X˜
2
Σ+
(
0220
)
. These decays are due to Renner-Teller-induced
vibronic coupling. The Renner-Teller Hamiltonian has been
covered in depth elsewhere [40–45].
A˜
2
Π1/2 (000)→ X˜
2
Σ+
(
0110
)
decay
The |∆`| = 1 transition has been previously observed in
several alkaline-earth monohydroxides [37–39]. This transi-
tion could gain strength due to either direct vibronic coupling
between B˜
2
Σ+
(
0110
)
and A˜
2
Π1/2 (000) or through a second-
order spin-orbit vibronic coupling [46]. Previous authors have
favored the latter explanation based on the observation that the
intensity grows with atomic spin-orbit constant [37, 39]. In
this model, a unitary transformation applied to the perturba-
tion HRT+HSO introduces a mixing between the A˜
2
Π
(
0110
)
and A˜
2
Π(000) states. The fraction of |`|= 1 character mixed
into the nominal |`|= 0 state is [37, 47]
≈ 2|〈A˜|HRT |B˜〉〈B˜|HSO|A˜〉 |
2
(ω2EA˜−B˜)
2 ≈
4∆gLA2SO
ω22
. (9)
The second expression uses the pure precession and unique
perturber approximations to relate each of the spin-orbit and
Renner-Teller matrix elements to a measurable spectroscopic
parameter, ASO and ∆gL, respectively [45]. Applying the scal-
ing factors of Eq. 7, for the N′′ = 1 rotational component of
X˜
2
Σ+(0110) we arrive at a VBR of
P(000)−(0110) ≈
ν3q(0110)−(0110)
(
SP3/2+S
Q
1/2
)
N
4∆gLA2SO
ω22
≈ 1.9×10−4. (10)
Branching to N′′ = 2 is not included here, but is expected to
become significant at the ∼0.5× 10−4 level. Additionally,
vibrational branching from B˜
2
Σ+(000)→ X˜2Σ+(0110) con-
tributes significantly to the observed decay, as discussed be-
low (section III D).
A˜
2
Π1/2 (000)→ X˜
2
Σ+
(
0220
)
decay
The |∆`|= 2 transition gains transition strength due to mix-
ing of the A˜
2
Π1/2 (000) state with the A˜
2
Π1/2
(
0220
)
state by
the Renner-Teller Hamiltonian. The quadrupolar term in HRT
can couple states according to the selection rules ∆Λ = ±2,
∆` = ∓2, ∆Σ = 0, and can therefore mix certain compo-
nents of A˜ 2Π(000) and A˜ 2Π(020). A very similar interac-
tion has previously been observed between A˜ 2Π1/2(0110) and
A˜ 2Π1/2(0330) in CaOH [48].
The structure and labeling convention of the A˜ 2Π(020)
level is discussed in detail in Refs. [49–51]. The spin-orbit
and vibronic interactions split the A˜ 2Π(020) level into six
components, as illustrated in figure 1 of Ref. [51]. We pri-
marily consider the A˜(020)κ2Π1/2 component which, at low
J′, has predominantly |`|= 2 character. HRT therefore couples
A˜(020)κ2Π1/2 and A˜(000)2Π1/2. The matrix element con-
necting these states is εω2/
√
2 [48, 51]. This coupling mixes
in some (0220) character to the A˜(000)2Π1/2 level with an
amplitude
≈ 〈A˜(020)κ
2Π1/2|HRT|A˜(000)2Π1/2〉
∆E
≈ εω2/
√
2
∆E
, (11)
where ∆E is the energy splitting between the A˜(020)κ2Π1/2
and A˜(000)2Π1/2 levels.
While εω2 ≈ −36.26 cm−1 has previously been mea-
sured [48], this parameter receives significant contributions
from the two leading orders of the Renner-Teller Hamilto-
nian, εω2 = ε(1)ω2+ε(2)ω2. The first order term (ε(1)ω2) con-
tributes to mixing between A˜(020)κ2Π1/2 and A˜(000)2Π1/2
(due to the V22 term in the notation of Ref. [45]). To re-
move the effects of these second-order contributions, we note
that [45]
ε(2)ω2 ≈−
2gK∆EB˜−A˜
ω2
(12)
≈−6 cm−1, (13)
6where we have substituted the measured values from
Ref. [48]. This isolates the first-order contribution to the
Renner-Teller matrix element, ε(1)ω2 ≈−30 cm−1. Using the
measured energy splitting ∆E = 819 cm−1 [51], this gives an
estimated VBR of
P(000)−(0220) ≈
ν3q(0220)−(0220)SP3/2
N
( −30 cm−1√
2×819 cm−1
)2
≈ 1.9×10−4. (14)
Note that decay to X˜(0220) is suppressed in part due to the
fact that only the OP12 branch is allowed in this case, while
all other transitions have both PQ12 and P11 branches (Fig. 2).
This VBR is in good agreement with the measured value of
3.1(5)×10−4.
C. Fermi Resonance
Because the Ca–O stretching frequency is approximately
double that of the Ca–O–H bending frequency in CaOH [51],
vibrational states differing by ∆v1 = ±1, ∆v2 = ∓2 come
in closely spaced groups, e.g., (100) ∼ (020) and (200) ∼
(120) ∼ (040). States of the same vibronic symmetry within
these polyads are mixed by a cubic term in the potential en-
ergy surface of the formVF = k122Q1Q22, where Q1 and Q2 are
normal coordinates associated with Ca–O stretching and Ca–
O–H bending, respectively. This leads to intensity borrowing
which can significantly affect the magnitude of vibronic de-
cay channels including X˜ 2Σ+(0200) and X˜ 2Σ+(1200). This
effect is well understood, and is known as the Fermi resonance
interaction [52, 53].
The Fermi resonance interaction is quantified by a param-
eter W , which is estimated to be ≈ −10.7 cm−1 in the X˜ 2Σ+
state based on prior measurements in CaOH [51] (see Ap-
pendix B for details). Including this off-diagonal coupling
within the X˜(100) ∼ (0200) Fermi dyad leads to the follow-
ing mixing amplitudes2:
|X˜(100)〉= 0.96|X˜(100)〉+0.28|X˜(0200)〉
|X˜(0200)〉=−0.28|X˜(100)〉+0.96|X˜(0200)〉. (15)
The VBR from A˜
2
Π1/2(000)→ X˜2Σ+(0200) is then given by
P(000)−(0200)
≈ ∣∣0.96〈X˜(0200)|A˜(000)〉−0.28〈X˜(100)|A˜(000)〉∣∣2
×
ν3(SP3/2+S
Q
1/2)
N
≈ 4.8×10−3, (16)
where each inner product on the right-hand side is a harmonic
overlap integral that can be evaluated using the methods of
2 A bar is used to denote bare harmonic oscillator eigenstates, which (in this
case) are not exact eigenstates of the vibrational Hamiltonian.
section III A. A similar expression applies to the X˜
2
Σ+(100)
branching ratio. The Fermi resonance mixing therefore in-
creases the branching ratio to X˜(0200) by an order of magni-
tude compared to the purely harmonic result.
Fermi mixing between X˜(200) and X˜(1200) is also ex-
pected to cause significant branching to the X˜ 2Σ+(1200) state.
This is predicted to be one of the primary loss channels from
the photon cycling scheme in Fig. 1.
D. Calculation Results
Table I compares calculated VBRs with the experimental
results of section II. The calculations generally exhibit good
agreement with measured branching ratios. While branch-
ing to the Ca–O stretching modes (000), (100), and (200)
is dominated by harmonic wavefunction overlap, decay to the
bending modes arises predominantly from other mechanisms.
Branching to X˜ 2Σ+(0200) occurs primarily due to Fermi res-
onance mixing with the X˜ 2Σ+(100) state, while decay to the
l 6= 0 bending modes (0220) and (0110) arises from Renner-
Teller and/or spin-orbit mixing in the A˜ and B˜ states, as de-
scribed in section III B.
For most states the A˜→ X˜ VBR is a good approximation
to the observed branching out of the experimental cycling
scheme, which employs both X˜ 2Σ+(000) → A˜ 2Π1/2(000)
and X˜ 2Σ+(100)→ B˜ 2Σ+(000) transitions. However, this is
not true for the X˜(0110) state, which experiences significant
decay from B˜(000) with an experimentally measured VBR of
3(1)×10−3 [21]. To account for this, we scale the separately-
determined A˜→ X˜ and B˜→ X˜ VBRs by the relative number
of photon scattering events through each excited state. The ef-
fective branching ratio out of the experimental cycling scheme
is therefore approximately
≈ 0.96VBR(A˜→ X˜)+0.04VBR(B˜→ X˜) (17)
since on average ∼96% (∼4%) of the surviving molecular
population is excited from X˜(000) (X˜(100)) based on the
measured branching ratios. This correction is significant only
for the X˜(0110) state, and is neglected for all other VBRs in
Table I.
The final row of Table I compares the calculated and mea-
sured total branching ratio to states not addressed by the pho-
ton cycling scheme of Fig. 1. We may use the calculations to
make qualitative predictions about the states that must be ad-
dressed to cycle >104 photons in CaOH. The calculated loss
is dominated by decay to X˜ 2Σ+(1200) at the ∼1×10−4 level
due to Fermi resonance mixing with X˜(200); and by loss to
the N′′ = 2 component of X˜(0110) at the ∼ 0.5×10−4 level.
In anticipation of the need to repump these states, high reso-
lution spectroscopy of the (120) manifold was performed (see
Appendix C).
Additional loss channels may be more significant than
these calculations indicate, gaining strength through perturba-
tions neglected in the analysis. Specifically, though decay to
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Figure 5. Photon cycling scheme and vibrational structure of CaOH
to achieve the scattering of∼ 104 photons. All arrows represent tran-
sitions coupled by laser light. The N′′= 1 and N′′= 2 rotational com-
ponents of the X˜2Σ+(0110) state may either be coupled by 40 GHz
microwave radiation or directly addressed by frequency modulation
of the laser radiation.
X˜(300) is predicted to occur at the ∼10−6 level based on har-
monic calculations, it is likely that anharmonicity in the po-
tential energy function will significantly enhance loss to this
state. Preliminary experimental measurements indeed suggest
that the VBR to X˜(300) may be as large as ∼1× 10−4. Fi-
nally, decay to the O–H stretching mode may be significant at
this level, as experimental uncertainty in the O–H bond length
makes calculations for this state unreliable.
Taken together, it is expected that 2–3 additional repump-
ing lasers, in addition to remixing of the X˜(0110)(N′′ = 1,2)
levels via microwave radiation or laser frequency modulation,
will be necessary to scatter >104 photons in CaOH. One pro-
posed cycling scheme is illustrated in Fig. 5. This should
be sufficient to enable radiative slowing and magneto-optical
trapping of CaOH molecules.
IV. CONCLUSION
This work establishes a vibrational repumping scheme en-
abling deep laser cooling and control of CaOH despite its
complex internal structure. Our experimental measurements
validate calculations used to estimate higher-order decay path-
ways. Using these predictions, we propose a laser cooling
scheme (shown in Fig. 5) capable of scattering ∼ 104 pho-
tons, which will enable experimental efforts to implement ra-
diative slowing, 3D magneto-optical trapping, and ultimately,
deep laser cooling into the ultracold regime. The spectroscopy
presented in Appendix C establishes a clear path towards the
experimental implementation of this laser cooling scheme.
While the measurements presented here are unique to CaOH,
the experimental methods and calculations outline a general
framework that could be used to predict and confirm VBRs in
other molecular candidates for direct laser cooling. The in-
sights gained here for CaOH can be generalized to support
recent proposals extending laser cooling to symmetric and
asymmetric top molecules [20, 24, 25] and even molecules
with multiple cycling centers [54–57] .
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Appendix A: FCF Calculations
The vibrational overlap integrals of Eq. 6 are calculated
by assuming harmonic oscillator wavefunctions. The cal-
culation employs the Wilson GF normal coordinate analysis
and the Sharp-Rosenstock method, as described in detail else-
where [21, 34–36].
Briefly, we begin by constructing the Wilson force and ki-
netic energy-related matrices F and G, which are related to
the vibrational potential energy V and kinetic energy K by
2V =
(
~S
)T
F~S, 2K =
(
~˙S
)T
G−1~˙S (A1)
where ~S is a vector of 3N− 5 internal molecular coordinates
and [. . .]T denotes the vector transpose. For CaOH, we de-
fine the internal coordinates so that S1 = ∆r31, S2 = ∆r32 and
S3 = (r31r32)
1/2∆φ, where r31 and r32 are the equilibrium Ca–
O and O–H bond lengths, respectively, ∆r31 and ∆r32 give the
change in bond length, and ∆φ is the change in the bending
angle. From geometrical arguments the G matrix can be ex-
pressed as [34]
G=
µ1+µ3 −µ3 0−µ3 µ2+µ3 0
0 0 G33
 ,
G33 = µ1
r32
r31
+µ2
r31
r32
+µ3
(r31+ r32)2
r31r32
(A2)
where µ1 = 1/mCa, µ2 = 1/mH, µ3 = 1/mO.
The F matrix consists of second derivatives of the potential
energy surface with respect to the internal coordinates. Be-
cause there is at most only very weak coupling between the
9stretching and bending vibrations, we write F as
F=
F11 F12 0F21 F22 0
0 0 F33
 (A3)
Diagonalizing the matrix product GF is equivalent to solving
the secular equation, and its eigenvalues and eigenvectors are
the frequencies and coordinates of the normal modes of vibra-
tion. In particular, properly-normalized eigenvectors of GF
form the columns of the L matrix, which transforms normal
coordinates ~Q into internal coordinates ~S= L~Q.
For the A˜→ X˜ transition, we use measured vibrational fre-
quencies and bond lengths from Ref. [51] to solve for the force
constants Fi j. This calculation makes use of equations given in
Refs. [48, 51]. For the B˜→ X˜ transition we use the measured
bond lengths from Ref. [58], in conjunction with vibrational
frequency calculations from Ref. [59]. There is insufficient
data on the B˜ state to extract the off-diagonal force constants
(these require data from CaOD as well), so we make the ap-
proximation that F21 = F12 = 0 for the B˜ state. We find that
this has little impact on the final result.
After solving for the normal modes using the GF matrix
approach, harmonic overlap integrals may be factored as
〈v′′|v′〉=∏
i
∫
ψ∗v′′i ψv′idQi , (A4)
where ψvi is a harmonic oscillator eigenfunction and Qi is a
normal coordinate. Eq. A4 may be evaluated by transforming
the normal coordinates ~Q′′ of the final state to those of the
initial state ~Q′ via a Duschinsky rotation,
~Q′ = J~Q′′+~K. (A5)
The method employed here, due to Sharp and Rosenstock,
relates J and ~K to the transformation matrices L′′, L′ of the
ground and excited states, as well as their equilibrium geome-
tries. The solution makes use of generating functions, and
the results may be calculated using standard computational
tools [35, 36].
In the case where the vibrational eigenstates are mixed by
perturbations to the potential energy surface (as in the Renner-
Teller and Fermi resonance interactions discussed above),
FCFs may still be computed using the harmonic calculations
described here. For example, if the ground and excited state
vibrational wavefunctions are given by
|v′〉= a|v′a〉+b|v′b〉, |v′′〉= c|v′′a〉+d|v′′b〉,
where the horizontal bar denotes a harmonic oscillator eigen-
state, the FCF is
qv′−v′′ =
∣∣〈v′′|v′〉∣∣2
=
∣∣∣a∗c〈v′′a |v′a〉+a∗d〈v′′a |v′b〉+ . . .∣∣∣2
where each term on the right-hand side is a harmonic over-
lap integral (Eq. A4) and can be computed by the means de-
scribed above.
Appendix B: Fermi Resonance Matrix Elements
The nonzero matrix elements of the Fermi resonance opera-
torVF = k122Q1Q22 for a non-degenerate vibronic state are [53]
〈v1+1,v2,v3; l|VF |v1,v2+2,v3; l〉
=W
[
(v1+1)(v2+2− l)(v2+2+ l)
]1/2 (B1a)
〈v1+1,v2,v3; l|VF |v1,v2,v3; l〉
= 2W (v1+1)1/2(v2+1) (B1b)
where
W =
k122
2
√
2
(
~
ω2
)(
~
ω1
)1/2
(B2)
is the Fermi resonance parameter and depends on only the
force constant k122, the Ca–O stretching frequencyω1, and the
Ca–O–H bending frequency ω2.3 Because the second matrix
element (Eq. B1b) connects states separated by a relatively
large energy, its effects are neglected in this work. We note,
however, that matrix elements of this sort generically arise
from other anharmonic terms in the potential energy function
as well. These couplings may contribute to higher-order de-
cay channels, though a full analysis of such effects is beyond
the scope of this work.
While the Fermi resonance parameterW has not been mea-
sured for the X˜ 2Σ+ state of CaOH, it has been fit in the A˜ 2Π
state from an analysis of the (100) ∼ (020) Fermi dyad [51].
Assuming that k122 is unchanged between the X˜ and A˜ states,
and using measured vibrational frequencies ω1,2 [51], we es-
timate a Fermi resonance parameter |WX | ≈ 10.7 cm−1 in the
X˜ 2Σ+ state by scaling the A˜ state measurement by the appro-
priate factors in Eq. B2. This is in good agreement with a sep-
arate estimate |WX | ≈ 11.1 cm−1 obtained directly from spec-
troscopy of the X˜(0200)− X˜(0220) and X˜(1200)− X˜(1220)
bending mode pairs. While the sign of W was not determined
experimentally in Ref. [51], by relating W to other measured
constants it was deduced in that work that W < 0.
Appendix C: Spectroscopy of Combination Bands
While high-resolution spectroscopy exists for the (300),
(400), and (0110) vibrational manifolds of the X˜ 2Σ+
state [48, 60], there is no such data for the (120) mani-
fold required to achieve a MOT of CaOH.4 Therefore, high-
resolution spectroscopy of the X˜(1200) and X˜(1220) repump-
ing transitions was performed here.
Population of the X˜(1200) (X˜(1220)) state was enhanced
via off-diagonal vibronic decay after exciting molecules on
3 Note that here the ωi have units of angular frequency, while equations else-
where in the literature typically have them in cm−1.
4 This manifold was, however, observed at low resolution in Ref. [61].
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A˜(100) — X˜(1200)
J P11 PQ12 Q11 QR12
1/2 458.789108 458.817435
3/2 458.789055 458.817383
A˜(0200) — X˜(1200)
J P11 PQ12
1/2 460.878315
3/2 460.878262
A˜(100) — X˜(1220)
J OP12 PQ12
3/2 458.179688 458.208017
A˜(0200) — X˜(1220)
J OP12
3/2 460.068935
Table II. Transitions observed during this work. Reported in units
of THz. The uncertainty in absolute frequency (∼150 MHz) is es-
timated by comparing several measured transitions to accepted lit-
erature values, any correction would apply uniformly. The error in
relative frequency (∼10 MHz) is limited by the fit to the Doppler
broadened lineshape.
the X˜(000) → A˜(0200) (X˜(000) → A˜(0220)) P1 (N′′ = 1)
and pQ12 (N′′ = 1) transitions.5 This ensured that only the
(N′′= 1,J′′= 1/2,3/2) rotational states relevant to laser cool-
ing would be populated. A cw dye laser was then scanned over
the repumping transition of interest. Several rovibronic tran-
sitions were observed; the absolute frequency of these transi-
tions is reported in Table II. The relative frequency of the exci-
tation laser was referenced to a High Finesse WS7 wavemeter.
Empirically, the relative accuracy of the wavemeter has been
verified to < 1 MHz when continuously calibrated with an
atomic reference [62]. The absolute frequency was obtained
by referencing the observed calcium 41S0→ 43P1 intercombi-
nation line to the accepted literature value [63]. The frequency
offset (relative frequency – absolute frequency) is assumed to
be constant, and this constant correction is applied to the tran-
sitions reported in Table II. Several other known atomic and
molecular transitions have been observed using this frequency
reference, and the standard deviation of the frequency offsets
from these measurements is ∼ 150 MHz. Rotational assign-
ments were verified by selectively populating only specific ro-
tational ground states as described above, and by confirming
that the observed rotational spacings and spin-orbit splittings
were consistent with the assignments.
5 For notational clarity, we label the A˜ state vibrational levels by their dominant character. Specifically, the correspondence is A˜(0200) →
A˜(020)µ2Π1/2 and A˜(0220)→ A˜(020)κ2Π1/2 in the notation of Ref. [51].
